Abstract: The aircraft maintenance processes play an important role in a safe operation of an aircraft. Maintenance services organizations take responsibility for the maintenance process and approve the airworthiness of an aircraft after undertaking the maintenance activities. International law determines the quality of aircraft maintenance processes by setting requirements concerning, among other, a quality management system, a safety management system and operators' competences. As a consequence of the rising number of aircraft in operation, the volume of maintenance activities grows. However, the customers increasingly pose requirements concerning the minimization of the maintenance service lead time. In order to remain competitive, the maintenance service organizations have to reduce the lead time of their services. However, this objective in not easy to attain, since the complexity of aircraft maintenance operations require specific skills and pose a number of organisational and technical constraints to be respected during the maintenance process. In the paper, a mathematical programming model is developed in order to help decision makers in managing the operators' skills during the operators assignment to the activities to be performed. In particular, the Hall's marriage theorem is used to formalise complex restrictions of operators assignment to maintenance activities. The objective of the optimization problem is to minimize total makespan time. The model is applied to a case study.
INTRODUCTION
The aircraft industry needs to deal with different kinds of optimization problems in planning of the operations (Baohui et al. (2013) ). The optimization of aircraft maintenance process plays a significant role as it directly affects the costs and income of an airline. For instance, suboptimal maintenance and replacement programs result in increasing maintenance costs and operations disruptions (GENPACT (2015) ).
Aircraft maintenance process is unavoidable during the overall life cycle of an aircraft, regardless of their operating environment, configuration or utilization rate (Broderick (2013) ). Hence, it is vital for operators, manufacturers
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and maintenance providers to devise strategies in order to optimize the total downtime during a service life (Muchiri and Smit (2009) ). The most common approach is to stretch out the maintenance intervals during the life cycle i.e. over 20-25 years (Ackert (2010) ). However, the maintenance services have to be scheduled in according with the aircraft specification and utilization rate in different operating environments in order to minimize the risk of disruptions (Subramanian et al. (1994) ; Sun et al. (2007) ; Yang & Yang (2012) ). In parallel, it is important to develop optimization approaches capable to minimize the total completion time of scheduled maintenance activities or the maintenance lead time which is defined as the "job processing time since the service was requested by a customer up to completely fulfilling that requirement" (Langford (2006) , Yang et al. (2011), Pleumpirom and Amornsawadwatana (2012) ).
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The content of the maintenance activities and the required specifications in terms of equipment and operators' skills are imposed by the international law. This law ensures the high level of a service process to prevent air accidents. The aircraft manufacturers are responsible for delivering manuals indicating the activities to be performed in order to ensure the continuing airworthiness of the aircraft. As a consequence of the rising number of aircraft in operation, the volume of maintenance activities grows. Since no compromise on quality could be allowed, the key performance indicators of the maintenance service companies are related to the service time. Different tools and methods (from organizational to technological) can be used in order to decrease the lead time.
This paper focuses on the planning and scheduling of maintenance activities. The optimization problem in this context involves the assignment of the limited resources to the maintenance tasks to be performed while respecting quality and safety constraints. The objective is to make the effective use of the maintenance equipment and aviation material as well as to employ the personnel with a relevant expertise. An improper maintenance plan leads to the waste of resources e.g. unnecessary material/personnel flows causing a significant time waste or/and duplication of investment.
In the literature, the optimization of scheduling maintenance activities taking into account a large number of constraints has been comparatively rarely discussed. Chen (2010) demonstrated the minimization of the maintenance completion time and proposed an integer linear programming model focusing on the jobs performed in a series. However, in practice, the aircraft maintenance activities are performed in both a parallel and serial manner (Pleumpirom and Amornsawadwatana (2012) ).
In this way, the optimization problem falls in the class of Resource Constrained Project Scheduling Problem (RCPSP) and more particularly can be formulated as a Multi-Skill Resource Constrained Project Scheduling Problem (MSRCPSP) (Hartmann and Briskorn (2010) ). This formulation has been firstly proposed by Néron and Baptista (2002) and is known to be NP-Hard in the strong sense (Artigues et al. (2008) ). Further, the formulations with the objective to reduce the costs associated with the operators involved (Li and Womer (2008) It should be noted that the integration of worker skills in the management problem is currently a topic of increasing interest in operational research literature, for a recent survey in the field, the reader is referred to De Bruecker et al. (2015) .
The optimization problem that is proposed in this paper is motivated by a case study in an aircraft maintenance service company. As MSRCPSP, it deals with the assign- ment of a limited number of "single-skilled" resources as maintenance equipment and "multi-skilled" resources as operators having different competences or skills.
The optimization objective is to minimize the maintenance lead time or makespan. However, additionally to the previously considered constraints, the organization of activities in groups of activities associated with particular parts of aircraft should be taken into account. Such an organisation is illustrated in Figure 1 .
The paper is organized in the following way. Section 2 introduces the mathematical formulation of the problem and presents the mathematical model developed to minimize the lead time of maintenance activities taking into account the requirements on operators' skills. Section 3 describes the case study and discusses the obtained results. Section 4 provides concluding remarks and perspectives for future research.
PROBLEM FORMULATION
The optimization problem is described as follows. In an aircraft maintenance service process a set of operators O is involved. They have different skills. The set of skills is denoted by C. One operator can have one or more skills. There is a set of activities N which have to be realized for an aircraft maintenance service. Each activity belongs to a group from set S of the groups of activities. Each group is a sequence of activities which is associated with a particular part of the aircraft and performed by the same operators (Fig. 1 ).
One operator can realize different activities depending on his/her competences, but can't realize more than one activity at any moment of time. For each activity, it is indicated how many operators it requires and what kind of skills should have operators to perform the activity. Processing times are given for all activities. In practice, the processing time may depend on the number of operators performing the activity, but in this study we simplify the model by defining the number of operators required for each activity and their skills.
The aircraft under the maintenance process is divided into several areas. Each activity has to be processed in one aircraft area. The walking time for operators from one aircraft area to another can be taken into account, but in the presented study the walking times were significantly low comparing to the activities processing times, for this reason they are neglected in the mathematical model. Aircraft areas, special equipment and aircraft installations which operators have to use for performing the activities constitute the set of resources R. Groups of activities can be realized in parallel, subject to direct acyclic precedence relations graph of activities G (N, I) , operator assignment and resource capacity (Fig. 2) .
Proceedings of the 20th IFAC World Congress Toulouse, France, July 9-14, 2017 
